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I. INTRODUCTION
A CHIEVING higher threat detection rates during inspection of X-ray luggage scans is a pressing and sought after goal for airport and airplane security personnel. Because of the complexities in knowing the content of each individual bag and the increasingly sophisticated methods adopted by terrorists in concealing threat objects, X-ray luggage scans obtained directly from major luggage inspection machines still do not reveal 100% of objects of interest [1] , especially low-density potential threat objects. Low-density threat items, in reference to X-ray images, are items of composition, thickness, and color such that their absorption coefficients are too low, and consequently register at very low gray level values in the output image. Materials such as glass, plexiglass, various grades of wood, ceramic, aluminum, carbon/epoxy, and plastic can all be used to make lethal weapons that do not show in an X-ray image in the same way conventional metallic weapons (high density) appear. Most existing X-ray systems focus on objects of metallic composition (knives and guns), while unconventional weapons could easily go unchecked. In a prior paper [2] , the authors applied grayscale enhancement and segmentation techniques to increase the rate of detecting low-density threat items in X-ray scans. It was shown, through screener evaluation studies that an improvement of 57% in detection rates accrued after enhancement as compared to the inspection results from the raw data. Furthermore, since it is known that human beings can only discern a few dozen gray level values while they can distinguish thousands of colors [3] , the use of color for human interpretation could only improve the number of objects that can be distinguished. In addition, color adds vivacity to images, which in turn decreases boredom and improves the attention span of screeners. Pseudocoloring of grayscale images is a typical process used as a means of supplementing the information in various fields such as medicine, inspection, the military, and several other data visualization applications. This process can significantly improve the detectability of weak features, structures, and patterns in an image by providing image details that would not be noticed otherwise [4] . The main purpose of color-coding is to harness the perceptual capabilities of the human visual system, that of airport screeners in this case, to extract more information from the image. A better qualitative overview of complex data sets will then assist in identifying regions of interest for more focused quantitative analysis, by making similarly joined areas in the scene more distinguishable [5] . By helping in differentiating objects of various densities, color-coding also reduces the role of human operators in monitoring and detection, minimizes the time required to perform inspection, and lessens the probability of error due to fatigue. Given the fact that the human eye is more sensitive to some parts of the visible spectrum of light than to others and that the brain may interpret color patterns differently, the interpretation of results produced by visualization techniques depends crucially on the color mapping applied. In an effort to address the relatively new problem of visualizing low-density threat items in luggage scenes, while incorporating considerations of the perceptual and cognitive characteristics of the human operator, a set of RGB-and HSI-based color transforms were designed and applied to single energy X-ray luggage scans. The effectiveness of using color-coded images over grayscale representations is established by conducting a comparative performance study using actual airport screeners. The tabulated results and their analysis showed that color coding resulted in a large improvement in the detection rates of threat objects in luggage and in an increased screener's visual and mental alertness and attention retention.
In Section II, aspects of available literature on pseudocoloring are addressed. Section III, draws general recommendations for optimum color assignment based on the human visual system.
In Section IV, a theoretical background on color transforms is presented, followed by our design, implementation, and results of RGB and HSI-based color transforms in Sections V and VI. Performance studies and conclusions are shown in Sections VII and VIII, respectively.
II. RELATED WORK
The only known luggage-specific coloring scheme [6] has been in use since the introduction of color in X-ray luggage inspection and requires two X-ray images, one at low energy and the second at high energy, thus needing a costlier machine. The atomic number of the material is determined using the two images and color is assigned to items in the luggage based on these values. Blue, orange, and green are the three hues used. There was no published work describing the perceptual or cognitive basis on which this color combination was selected.
Pseudocoloring was nevertheless used in other imaging applications, for instance to detect boundaries and to display statistical properties of backscatter at each point in ultrasound medical images [4] . The visibility of the boundaries was improved by assigning contrasting colors to the areas inside and outside the boundaries. Each pixel was allocated a particular color, where the hue was related to the orientation of the most prominent line segment at that point. Color tinting, a similar technique, was also used for the color-coding of ultrasound images [7] , where an HSI-based color map was applied with the hue and saturation kept as two independent variables. Different pseudocoloring schemes were obtained by varying the values of the individual components of the HSI space.
Based on available literature, pseudocoloring techniques can generally be grouped into five main categories: 1) Spectrum-based maps where color scales are designed by having the hue sequence range from violet, via indigo, blue, green, yellow, and orange, to red, following the color order of the visible spectrum. Since the human visual system has different sensitivities to different wavelengths, researchers such as Clarke and Leonard [8] indicated that spectrum-based color scales were not perceived to possess a color order that corresponds to the natural order of the grayscale in the image. 2) Naturally ordered maps, where a number of researchers attempted to define a particular path traversing the RGB color space under certain predefined constraints. The heated-object scale is achieved by bringing the RGB intensities up in the order of red, green, and blue, and limiting the path to 60
• clockwise from the red axis. This selection is based on the claim that natural color scales seem to be produced when the intensities of the three primary colors rise monotonically with the same order of magnitude throughout the entire scale [9] . To construct a natural color scale, Lehmann et al. [10] defined a spiral-like scale in the RGB model, keeping the original brightness progression of grayscale images. Specifically speaking, their color scale follows a spiral-like path along the diagonal of the RGB model. The authors formularized such a scale to allow the determination of the resulting number of colors, and demonstrated their scale's effectiveness by applying it to medical X-ray images. They also pointed out that better results could be obtained if other color models were used. The use of HSI was suggested as future work based on the fact that the lightness component is directly represented by one of the axes in HSI.
3) Uniformly varying maps, where several studies [11] - [13] focused on constructing a uniform color scale where adjacent colors are equally spaced in terms of just noticeable differences (JNDs) and maintain a natural order along this color scale. Levkowitz and Herman's research [11] provided a scale with the maximum uniform resolution. The authors were hoping that their optimal color scale outperforms the grayscale, but evaluation results did not confirm that, at least for their particular application. They presented several reasons that might have caused the unexpected results. One particular reason was that they used the CIELUV model to adjust the final colors which might not have been appropriate to model the perceived uniformity. Another reason was that the perceived change in color due to its surrounding was not taken into consideration. Shi et al. [12] designed a uniform color scale by visually setting up its color series to run from inherently dark colors to inherently light colors; i.e., from black through blue, magenta, red, yellow to white, then further adjusting the colors to make them equally spaced. The color scales were evaluated by comparing them to the grayscale. The authors indicated that the contrast sensitivity has been improved after applying their uniform scale, but they failed to demonstrate any significant outcome. 4) Shape and value-based maps, where researchers focused on decreasing the perceptual artifacts of the human visual system such as the simultaneous contrast, to convey color information accurately and effectively. Ware [14] divided the information available in images into metric or value information and form or shape information. He proposed theoretical principles to predict which color scale would be effective in conveying both metric and form information. Through a series of psychophysical experiments, Ware demonstrated that simultaneous contrast was a major source of error when reading metric information, but only partially verified his form hypothesis. 5) Function-based maps, where researchers utilized common mathematical functions such as the sine function to construct desired mappings or color scales. Gonzalez and Woods [3] described an approach where three independent mathematical transforms were performed on the gray level data, and the three output images fed into the R, G, and B channels to produce a specific color mapping. Through interactions with various types of color scales under different circumstances, most researchers agree that color is useful to reveal more information in images, and for certain applications some types of color scales are superior to others. In that regard, Levkowitz and Herman [11] concluded that several easily interchangeable color scales could substantially increase the perception of information in images over the use of a single scale.
III. HUMAN COLOR PERCEPTION
Color sensation is a psychophysical phenomenon relating both to physiological and psychological processing. A brief background on each of these two aspects is first given in Sections III-A and B. Recommendations for optimum color assignment are made in Section III-C.
A. Physiological Processing of Color
The function of the lens of the human eye is to focus the incoming light on the retina. Different wavelengths of light require different focal lengths, and for various pure hues, the lens must change its shape so that the light is kept focused correctly. If short wavelengths and long wavelengths, pure blue and pure red for instance, are intermixed, the lens has to constantly change shape and the eye will become tired. A related effect called chromostereopsis is the appearance of pure colors located at the same distance from the eye but appearing to be at different distances; e.g., reds appear closer, and blues more distant. The lens also absorbs light about twice as much in the blue region as in the red region, meaning that people are more sensitive to longer wavelengths (yellows and oranges) than to shorter wavelengths (cyans and blues). All light sensitive cells (cones) are differentially distributed in the retina with the center of the retina primarily made of green cones, surrounded by red cones, with the blue cones being mainly on the periphery. A minimum intensity level, function of the wavelength, is required for the photoreceptors to respond to a given color. The highest sensitivity, being in the center of the spectrum, requires blues and reds to have a higher intensity than greens or yellows to be equally perceived [15] , [16] .
B. Psychological Processing of Color
In this field, simultaneous contrast, color-constancy, and the effects of various backgrounds on color perception are the main aspects usually examined. Simultaneous contrast is the effect caused when the color of a patch is shifted perceptually by the color of adjacent patches [14] . For example, colors tend to look darker, and corresponding objects look smaller, against white. Color surroundings cause chromatic induction (a color region appears tinged with the complementary hue of the surround) which can make the same colors look different, or different colors look the same, as shown in Fig. 1 . Many other factors such as field size and viewing conditions also affect the appearance of the color perceived.
C. General Recommendations for Optimum Color Assignment
The effective use of color can be a very powerful tool, while the ineffective use of color can degrade an application's performance and lessen the user's satisfaction [17] , [18] . In order to create an application where colors are used optimally, the number of colors used, the color space, and considerations of color selection that differentiate between a target and its surroundings need to be addressed [19] .
Color is usually used in a qualitative rather than a quantitative fashion; that is, to show that one item is different from another and not to display a relationship of degree. In general, for a set of colors to work well in a design, some unifying attribute should tie them together, following the Gestalt law of closure (completeness) [20] . This could be a particular hue or range of saturations, or lightness that appear throughout the composition to designate a given aspect or function.
1) Physiologically Based Guidelines:
Based on the physiology of the human visual system described in Section III-A, the following guidelines for the use of color were drawn using Murch's principles [15] .
1) The simultaneous display of extreme spectrum colors should be avoided as this tires the eyes. 2) Pure blue should be avoided for fine details such as text, thin lines, and small shapes. Since there are no blue cones in the center of the retina, fine details are difficult to see. However, blue makes an excellent background color. 3) Adjacent colors that differ only in the amount of blue should be avoided. This creates fuzzy edges. 4) Adjacent areas of strong blue and strong red should be avoided to prevent unwanted depth effects [21] . 5) Older operators need higher brightness levels to distinguish colors. 6) The use of hue alone to encode information should be avoided in applications where serious consequences might ensue if a color-deficient user were to make an incorrect selection.
2) Psychologically Based Guidelines:
The following recommendations are based on the considerations given in Section III-B.
1) The number of colors used should be reasonable. If the user is overwhelmed or confused by too many colors vying for his/her attention, he/she is unlikely to develop an effective mental model [18] . 2) Consistency is vital when meanings are assigned to colors.
The intuitive ordering of colors helps establish intuitive consistency in a design. 3) If the color of a kind of item is known ahead of time, or if a color only applies to a particular type of item, the search time for finding an item decreases. 4) Where accurate visual judgment of a color is necessary, the surrounding should be a neutral mid-gray to avoid unwanted perceptual color changes.
5) Color can be described more meaningfully in terms of the perceptual dimensions of lightness, hue, and colorfulness than in terms of the measured dimensions.
IV. COLOR TRANSFORMS
Except for the color space [22] , [23] used, the main aspect that influences the appearance of pseudocolored objects is the color transform applied within a given space. The main objective of pseudocoloring is to obtain an ergonomic color representation of the data that can be easily recognized by a human with normal sight. A variety of mapping schemes can be used to achieve this task, and extensive interactive trials have to be performed to determine an optimum mapping for displaying a given set of data.
One of the basic techniques for pseudocoloring is performed by directly applying a single color hue to replace a particular grayscale. For example, the color range from C 0-255 can be used to code the grayscale range I 0-255 . Another approach [5] is based on the analysis of the tristimulus value of the required output image by defining a function P [], which maps the original grayscale data I(x, y) to the primary color values R(x, y), G(x, y), and B(x, y). This process can be represented as follows:
where the transforms P R [], P G [], P B [] could be either linear or nonlinear functions, based on the desired output image. The complete color-coding process can be described as follows:
C(x, y) is the final pseudocolored image. By varying the functions P [ ], different color-coded images can be obtained.
To accurately represent gray values using color, the following properties are desirable in a color scale [11] , [24] . The combination of the concepts of increasing the number of JNDs [11] and conveying both value and form information effectively to reduce the effects of simultaneous contrast would result in a color scale sequence that increases monotonically in luminance, while cycling through a range of hues [14] . Combining these two major ideas with the general Fig. 2 . Original X-ray luggage scans containing knives made of (a) soft wood, (b) purple glass, and (c) aluminum.
recommendations for optimum color assignment given in Section III-C, the following rules [14] for designing an optimum color scale are used to produce a number of optimal transforms: 1) For transforms designed based on the RGB color model, the R, G, and B versus gray level transform functions should not decrease simultaneously, and the intensity, I = (R + G + B)/3, should increase monotonically; i.e., for 1 ≤ n ≤ N − 1 and r n ≤ r n +1 , g n ≤ g n +1 , and b n ≤ b n +1 , we should have r n + g n + b n ≤ r n +1 + g n +1 + b n +1 . Colors should be triple mixtures RGB, and not pairwise mixtures, to avoid exaggerated saturations. 2) For transforms designed based on the HSI color model, good properties for revealing both shape and value are that the intensity I versus gray level should increase monotonically; the hue H versus gray level should cycle through a particular range of hues such that for
; and the saturation S versus gray level should be monotonic, i.e., [11] . The hues should be chosen in such a way that the color scale runs from inherently dark hues to inherently light hues. Based on the characteristics of major color spaces and recommendations for color transforms, a number of color maps were designed, implemented, and applied to X-ray luggage scans. The following sections describe the implementation, results, and comparative performances of these color mappings. We classified the color maps in two different categories based on the color space used; i.e., RGB and HSI spaces. Within each class, userspecified, function-based, or constraint-driven transforms are implemented and tested. The color transforms were applied to X-ray luggage scans containing various potential threat objects made of low density materials. Three X-ray luggage scans with three different knives made of soft wood, light-purple glass, and aluminum are shown in Fig. 2 .
V. RGB-BASED COLOR MAPS
In this model, each color is expressed using its primary spectral components of red, green, and blue. This color model is device-dependent and easy to implement, but is nonintuitive for interpretation. RGB-based color transforms were classified into two subcategories, perceptually based color mappings and function-based approaches. Linear and nonlinear maps were implemented and evaluated.
A. Perceptually Based Color Maps
In these mappings, the color series are usually set up visually according to the color preferences of the user and the transforms defined accordingly.
1) Linear Mapping: For initial trials, two color maps were adopted from the Matlab image processing toolbox. These maps were used in our final performance evaluation for comparison purposes with the transforms that we designed. The "Hot" and "Jet" color scales were first applied to X-ray luggage scans. As Fig. 3(a) and (b) shows, color map "Hot" changes smoothly from black, through shades of red, orange, and yellow, to white. Color map "Jet," on the other hand, ranges from blue to red, passing through cyan, yellow, and orange. The two color scales can be produced using (3) and (4) for "Hot" and "Jet," respectively:
where I represents the gray value, m is the number of colors of the "Hot" scale and n = f 1 (3/8 m) in which f 1 (x) rounds x to the nearest integer toward zero. In (4) I represents the gray value, n = f 2 (m/4) and ∆ = f 2 (n/2) − (mod(m, 4) = 1) in which m is the number of colors of the "Jet" scale and f 2 (x) rounds x to the nearest integer larger than x.
The Red and Blue component values can be obtained by shifting the Green component G to the right and left by (n)/(max(grayvalue)), respectively. Fig. 4 (a) and (b) illustrates the R, G, and B transforms of the "Hot" and "Jet" color scales. Colored versions of Fig. 2 were generated by applying the "Hot" and "Jet" scales to the enhanced images of Fig. 5 produced by using original + negative + h-domes + contrast stretching [2]. The notation "original + A + B + C + · · ·" denotes a sequence of preprocessing using operations A, B, C, . . . applied to the original X-ray luggage scan. Figs. 6 and 7 illustrate these two mappings, respectively. Fig. 8 shows a different example illustrating improvements in distinguish-ability between various scene elements after using the "Jet" color map.
Color scale "Hot" is seen to belong to the class of naturally ordered color scales, whereas the "Jet" scale follows the order of the visible spectrum. Such scales are good in conveying value information because of the reduced effects of simultaneous contrast. The characteristics of the "Hot" scale, on the other hand, is that colors run monotonically with the same order of magnitude of intensities from inherently dark to inherently light hues, as seen in Fig. 3(a) .
2) Nonlinear Mapping: This scale, referred to as the "Warm" color scale, varies from dark blue, through magenta and orange, to light yellow. The distances of adjacent colors on this scale are perceived as equal. A 256-step scale as seen in Fig. 10(b) was developed and applied to X-ray luggage scans as an extended version to the 16-step color scale shown in Fig. 9 [12] . The 16 original colors were utilized as base colors and intermediate colors computed by linearly interpolating the red, green, and blue intensity values from each base color to the next. Let R i , G i , B i and R i+1 , G i+1 , B i+1 represent any two adjacent base colors; I i and I i+1 denote their corresponding gray levels. Given a gray level I (I i < I < I i+1 for 1 ≤ i ≤ 15), the associated intermediate color C = (R, G, B) between base colors C i and C i+1 can be found using (5). Fig. 11 was obtained by applying the designed 256-color scale "Warm" to the images of Fig. 5 .
This color map also belongs to the class of naturally ordered scales as seen from Fig. 10 , with color going from inherently dark to inherently light, similarly to the "Hot" map described in Section V-A1.
B. Function-Based Maps
The mapping between colors and gray values in this case is obtained through the use of a mathematical transform whose nature determines the color content of the output image. In this Section I, denotes the value of a pixel before transform, and R, G, and B denote the color values of the colored pixel. Various types of transforms can be used for color mapping. The following are some of the transforms we implemented and applied to X-ray luggage data.
1) Algebraic Transforms:
In this mode, color is assigned through an algebraic formula applied to individual or group pixels to create various combinations of the original pixels and obtain their color counterparts. An example formula for such a function is given by (6) , where the number of colors is a parameter (L) that can be supplied by the user and is intrinsically incorporated into the formula for color generation. N is an integer varying from 1 to L, where the grayscale was divided into L equal intervals corresponding to the L colors; therefore, for all I s belonging to the same interval, one single color is assigned as
In this mode, the number of basic colors actually remains the same but variations occur in the color range. For example, when L = 4, a color image with only the "basic" colors is produced. The information in this color image is minimal because only the higher pixel values from the grayscale image are clearly coded. However, when, L = 16 an image with the same basic colors is produced but the indivudual range for each color is expanded to obtain 16 colors overall. Most of the information is now retreived with even the lower pixel values in the grayscale image being coded. Fig. 12 illustrates the use of this method to color code a grayscale image and shows how the variation of the number of colors can achieve different effects in the colored image, such as a variable amount of detail and clutter.
2) Trigonometric Transforms: The advantage of a continuous color scale becomes evident when considering overlapping materials inside luggage. In systems with abrupt color switchover between, for example, organic and non-organic materials, even thin layers of overlapping materials, such as steel, copper or PVC, will lead to organic materials being classified as nonorganic materials, which is incorrect and might result in false negatives and/or false positives. The typical form of a sine color transform can be expressed as [3] 
where ω R , ω G , ω B are the frequencies for the R, G, and B channels and θ R , θ G , θ B are their corresponding phase angles. Changing the frequency and phase of each sine function would emphasize certain ranges of the grayscale. The effect of mathematical manipulation of the sine-based color assignment on viewer perception of objects and presence of details in X-ray data can be seen in Fig. 13 , where an increased perception of the level of details and a greater discrimination power between various scene components are apparent from Fig. 13(a) -(c) as periodicity and phase of the sine color functions are varied. Notice, for instance, the batteries becoming visible in Fig. 13(c) .
The results of applying the sine transform mapping to the images in Fig. 5 also are shown in Fig. 14 . A special case of the sine transform called the rainbow transform can be described by (8) , and falls in the category of spectrum-based scales.
VI. HSI-BASED COLOR MAPS
Each color in the HSI model is represented by a hue, saturation, and intensity component. Hue is a color attribute that describes a particular wavelength in the spectrum. Saturation is the measure of the degree to which a pure color is diluted by a white light [25] . Intensity represents how little black has been added to the color. The intensity component is decoupled from the color information in the image, and the hue and saturation components are intimately related to how humans perceive color. These features make the HSI model suitable for developing image processing algorithms for human interpretation. Two classes of HSI-based color transforms are described. Color transforms in the first category provide a direct mapping between the gray values and their color counterparts, while color transforms in the second category were created by first performing a selected series of enhancements on the X-ray luggage scan to extract or emphasize features of interest, and then the results are fed into the H, S, and I components to create a composite chromatic image.
A. Mapping of Raw Grayscale Data
A nonlinear approach based on the considerations of Section IV is presented. The intensity was selected to be monotonically increasing and could be described by a logarithmic transform, an exponential, a linear, or any other nondecreasing transform. The optimum selection of the appropriate transform depends on the specific application; i.e., emphasis needs to be made on the low intensity or high intensity part of the image. A right/left semiellipse curve is selected for the hue transform and the saturation was set to a constant. Considering the fact that the objective is to better visualize low density threat items, the logarithm transform for intensity is used to increase the value of the low gray levels, improve their appearance, and potentially ease recognition by screeners. Fig. 15 shows the transformations of intensity, hue, and saturation, and the resulting color bars when using the top and bottom semiellipses, respectively. The color scale of Fig. 15(b) , called "Springtime," uses h s = 0, 0 ≤ h e ≤ 180, and dir = up, where h s is the starting hue, h e is the ending hue, and up means a counterclockwise progression. The H, S, and I components are given by (9) .
where G is the gray value and G max the maximum gray value over the entire image (255 for eight-bit images). Applying the nonlinear "Springtime" color scale to the images in Fig. 5 , we obtain the colored version shown in Fig. 16 . The design of this scale was based on conveying both shape, revealed by the intensity component, and value, revealed by the hue component. 
B. Mapping of Preprocessed Data
Based on the theoretical background addressed in Section IV and the recommendations of Section III-C, different coloring schemes were designed wherein preprocessed grayscale data are used as input to the hue, saturation, and intensity color channels. The first set of transforms uses a constant saturation, and the second set uses a data-dependent saturation.
1) Constant Saturation: Let E 1 , E 1 , and E 2 be images produced using some desired grayscale enhancement operations. In this first approach, two color mappings are produced by feeding E 1 (or E 1 ) into the hue component and E 2 (or E 1 ) into the intensity component. The saturation, S, is set to a constant within the interval [0. 6, 1] , that is high enough to ease the distinction between colors but low enough to avoid eye fatigue due to refocusing [15] . The maps "CS1" and "CS2", described below, are two sets of transformations using gray level enhancement operations found, through screeners tests, to be effective in revealing low-density threats in Xray luggage scans [2] . The two sets are designed as follows: 1) "CS1" with H = E 1 = original + histogram equalization + contrast stretching, S = constant, and I = E 2 = original + negative + H-domes [2] + contrast stretching; and 2) "CS2" with H = E 1 = original + negative, S = constant, and I = E 1 = original + histogram equalization + contrast stretching. The colored version of Fig. 2 shown in Figs. 17 and 18 were produced using color schemes "CS1" and "CS2." Notice the difference in number of hues present in Figs. 17 and 18. This is understandable from looking at the enhancements applied to the images before they were fed in the hue channel for each map. The histogram equalization and stretching allow for a broader use of the hue spectrum than simple image negative. Emphasis on both shape and value is clearer in images produced by "CS1."
Another approach uses the segmented image of the original luggage scan as an input to the pseudocoloring process. N classes in the scene are clustered through segmentation and a single hue is assigned for each class. For any two adjacent classes, complementary colors were used. Objects belonging to a given class will have the same hue value but different intensities. For each class, the transforms for the H, S, and I channels are expressed as: H = constant, S = constant, and I = image slice containing one class of objects + contrast stretching. A single chromatic image containing the N classes of objects is obtained by replacing the image slice in the intensity transform by the segmented image and assigning the hue values accordingly. A multilevel thresholding [26] was performed to segment various objects in the scene into five classes. The red color was assigned to the class containing threat objects. The results of color assignments are shown in Fig. 19 . This result shows that such a method might not be very helpful for human interpretation given the amount of clutter introduced in the background by overemphasizing shapes.
2) Variable Saturation: In this scheme, E 1 is fed into both the hue and saturation components, while E 2 is fed into the intensity component. Thus, E 1 determines whether some areas of the output image are shown in color or in black and white. If the pixel values of an area in E 1 are all zero, the area will appear black in the output image. Therefore colors are only assigned to the areas where pixel values of both E 1 and E 2 are nonzero. The two sets obtained are therefore: 1) "VS1" with H = E 1 = original + histogram equalization + contrast stretching, S = E 1 = original + histogram equalization + contrast stretching, and I = E 2 = original + negative + H-domes [2] + contrast stretching; and 2) "VS2" with H = E 1 = original + negative, Although the saturation is variable in Fig. 21 , there is very little change in its values given the fact that the transform is a mere negative of the original which does not exhibit much dynamic range in the first place. The fact that saturation is function of E 1 = original + histogram equalization + contrast stretching in Fig. 20 makes some of the hues have either a saturation of zero or one, and therefore appear as white or black in comparison to the more colorful images of Fig. 17 .
VII. PERFORMANCE EVALUATION
A preliminary evaluation was first conducted followed by a comparative formal study of the various pseudocoloring methods designed and implemented. Preliminary in-lab and then online surveys were carried out to refine some general aspects as to the expected outcome and adjustment of initial results. A comprehensive airport testing was then conducted using actual screeners. The results of both studies are described in the following sections.
A. Preliminary Online Survey
Three color coding methods and three grayscale methods were chosen for this evaluation. Ten test images with low density threat objects were selected, and 132 people responded to the survey. The sine, HSI histogram-based, and rainbow maps were used for color, and the intensity stretched, negative, and histogram-equalized images for grayscale enhancements. Different factors considered in this study were: 1) ability to detect threat; 2) visual appeal (how pleasant/helpful the method is); 3) speed in identifying the threat; and 4) overall preference among the given methods. Each question is rated on a 1-10 scale with 10 being the highest. For the overall preference, the choices were among all six different display schemes. The responses were tabulated and plotted as shown in Fig. 22 for item 1, Fig. 23 for item 3, and Fig. 24 for item 4. The results showed that color-coding was significantly more effective than grayscale images in allowing people to detect threat objects in X-ray scans. Eighty-six percent (86%) of the total 132 responses rated color as their preference. Among the different coloring schemes, the HSI scheme developed based on the results of the study on human perception of color was ranked highest by the greatest number of people. All colored images were ranked better that their gray level coun- terparts in speed of inspection. With an average rating of 78%, the HSI-colored images were found the fastest to interpret.
B. Formal Airport Evaluation
Given the fact that airport screeners are the end users of any selected luggage coloring scheme, a natural step of this process is to include, in the validation of the various color coding approaches, the responses of a representative section of the screeners' population. A fully automatic, portable, and interactive computer test was designed. A snapshot of one screen of this application is shown in Fig. 25 . A series of X-ray scans containing various low density threat items in different configurations and with various levels of clutter were selected. Eight pseudocoloring approaches as described in Sections V and VI were chosen according to preliminary evaluations. The selected color maps were each applied to the luggage scans, and all images were shown to screeners in random order, with all originals shown first also in random order. The random display of all original data first ensures that no bias is gained in the detection of threat by viewing the color enhanced images before the noncolored images. The evaluation sessions were conducted at McGhee Tyson Airport in Knoxville, TN and involved a total of 40 TSA luggage screeners. Three types of data were collected for each image shown: 1) did the screener see the threat object in the image; 2) could the screener click on the location of the threat item correctly; and 3) a rating (from 1 to 10, with 10 being best) of "how helpful" the screener believed the displayed image was in detecting the threat object. After all color coded images have been shown as single windows, a montage image is shown for each original. In this montage, the original image is shown side by side with each of its colored versions and the screener asked to rate each of the nine images on a 1-to-10 scale. An example of one montage window is shown in Fig. 26 . The composite set of data obtained was evaluated, first in Excel, and then using the statistical analysis tool ANOVA. From the Excel results, Fig. 27 shows the percent of all screeners who were correctly able to click on the threat location. This graphic indicates that a low percentage (31%) of screeners were able to correctly locate the threat object in the original gray scale luggage scan. On the other hand, the color enhanced images fared much better with recognition rates ranging from 56.5 to 69.5%. The color map "Springtime" provided the highest recognition rate on the average. Another important evaluation criteria collected was the rating of each type of color coding. Fig. 28 shows a graphic comparing the average rating by screeners (10 maximum) of the original and its eight pseudocolored images. Again, the original scored lowest (1.64) while the enhanced images were all significantly higher in the range of 2.91 to 5.40. That is an improvement of up to 229%. Color scale "Springtime" again provided the highest average rating in this category.
Using ANOVA and the rating data from the 40 screeners, the results plotted in Fig. 29 were obtained. The mean opinion scores for each method are shown in Table I . Nine groups of data, corresponding to the original and the eight color-coding approaches, are used. The one-way ANOVA function provided by Matlab compares the means of any two selected groups of data by giving a probability value, p, representing the confidence in the output. A cutoff value of 0.05, namely, a confidence of 95% was set for p. The p values, obtained for the comparison of each of the color-coding approaches with the original, are shown in Table II . The fact that all p values are smaller than 0.05 indicates that the differences between the original gray-level and any of the color-coding approaches are very significant and demonstrates that any of the eight color methods would significantly enhance original X-ray scans and increase the detection rates of threat objects. Compared to other color-coding approaches, "Springtime" and "CS2" methods received the highest confidences over the original. These two coloring approaches were then selected for further analysis and were each compared to the rest of the coloring methods to better identify the winner. The results of this analysis are shown in Tables III and IV . They indicate that the four color-coding approaches, "Warm," "Springtime," "CS1," and "CS2," outperform the rest of the methods, and with a confidence of 95% they can be considered as a group much superior than the rest of the approaches. Three of these four approaches, except "Warm," were designed based on the HSI TABLE III  P VALUES OBTAINED BY USING ANOVA TO COMPARE "SPRINGTIME"  TO THE OTHER COLORING APPROACHES   TABLE IV  P VALUES OBTAINED BY USING ANOVA TO COMPARE "CS2" TO THE OTHER COLOR-CODING APPROACHES color model, which confirms earlier remarks that the HSI color model is more suitable to human interpretation and therefore more effective in revealing low-density threats concealed in X-ray luggage scans. Prior experiments by the authors [2] also demonstrated an improvement of 57% in threat detection when using enhanced gray level images versus raw data. Improvements of 97% were registered with colored versus raw gray scale data. This shows that color is still 40% better, on the average, than gray level enhancements alone.
VIII. CONCLUSION
A number of novel color transforms were introduced, applied to luggage scenes, and tested by screeners in an airport environment. Proper color mapping schemes have been designed based on perceptive and cognitive features of the visual system. The expectation that pseudocoloring techniques would provide additional enhancement of X-ray luggage scans, better data visualization, increased screeners' alertness, and longer attention spans was demonstrated through evaluations by the regular population as well as by actual airport screeners. We showed through visual interpretation, and more importantly through testing on airport screeners, that newly developed color mapping techniques are very valuable tools in increasing the rate of lowdensity threat detection in X-ray luggage scans. A significant increase of up to 97% (40%), compared to results from the original data (gray level enhanced data), in the rate of threat detection was obtained when color-coded data were used by screeners. Feedback from screeners also rated the color processed data, on average, up to 219% more helpful in detecting threats than the raw data, and much faster to interpret. Not only did the testing show that color processed data is more effective than gray scale data in detecting threats and keeping the screener's attention, but we were also able to rank the set of color mapping procedures in terms of the most effective and most appealing to screeners and show that newly developed maps outperformed known state of the art maps such as "Hot" and "Jet." In comparing the RGB-based approaches to the HSI-based approaches, the latter color space proved superior, which was expected, given the many known advantages of the HSI space in human-based applications [25] . Future efforts will address dual energy data and will include more testing with the introduction of images containing no threat objects and others containing multiple threat items to study the performance in terms of false positives.
